The structural and optical properties of four samples of cobalt phthalocyanine (CoPc) thin films having almost the same thickness deposited onto silicon substrates by organic molecular beam deposition (OMBD) were investigated. The intensity distributions of the X-ray diffraction (XRD) patterns confirm the crystalline nature of the films and presents a single sharp dominant peak at 2q=6.9 o (d=12.72 A 0 ) of the a-CoPc phase unit cells, which indicates to a preferential orientation (200) direction, then undergoes a phase transition into b-form in a preferential orientation (001) direction after annealing at 250 and 350°C. Furthermore it was shown that an increasing in the crystallite size (L) occurs upon annealing. The small values of the roughness (7.04 nm, 7.2 nm) obtained from atomic force microscopy (AFM) measurements show relatively smooth and flat surfaces. Despite the identity of the samples deposition conditions, the post growth annealed films show different morphological features of a mean grain size about of 11-26 nm. The optical energy gap was estimated from the absorption coefficient using Tauc's relation.
O r g a n i c s e m i c o n d u c t o r s, s u c h a s metal phthalocyaninesm (MPcs) have gained much research attention in the development of photodetectors, organic transistors, sensitive gas sensors, and flexible solar cells [1] [2] [3] [4] [5] . Metal phthalocyanines exhibit thermal stability, chemical inertness, high molecular symmetry, and favorable optical properties. Besides, MPcs can be easily sublimed in high vacuum resulting relatively pure thin films with good growth properties and chemical stability 6 . Furthermore, the structural properties of these thin layers can be manipulated intentionally by controlling the substrate temperature or post growth annealing. This will lead to modifying the film phase and the film morphology as well. Modifying the properties plays a crucial role in a wide range of current and future applications including: photovoltaic solar cells, organic light emitting diodes, and organic thin film transistors [7] [8] [9] [10] [11] .
In addition the optical properties of MPcs thin layers were intensively investigated since they are classified as small organic molecules and many factors such as the interaction with the substrate type, its surface, the deposition rate, and the deposition temperature may influence changes in grain size of crystallites and accordingly in structural and optical properties. Therefore, most of MPcs have optical bands labeled with five transition bands Q, B, N, L, and C, and the corresponding energies were identified about 2, 3.6, ,4.4, ,5, and 5.9 eV 12 .
However, not only MPcs may miss one or two of these bands, but also the absorption line shapes vary from case to case 13 .
Recently, the organic semiconductor cobalt phthalocyanine (CoPc) has been studied as a promising material for organic light emitting devices (OLED) and organic based solar cells (OSC) 14, 15 . CoPc is a p-type semiconductor in which molecules have a planar structure; these molecules are packed together in a crystal forming column like structure. However, few studies have addressed CoPc in terms of its molecular orientation and structure as a function of the substrate temperature 15 .
In the current work, the ultimate goal is to study the influence of substrate heating during evaporation and post growth annealing on structural and optical properties of CoPc organic thin films using X-ray diffraction (XRD), atomic force microscopy (AFM), and ultraviolet and visible (UV-VIS) spectroscopy.
ExPErImENTAl
CoPc thin films were prepared by organic molecular beam deposition (OMBD) using ultra high vacuum system. The films were deposited on silicon (100) and glass substrates for structural and optical measurements, respectively. The silicon and glass substrates were carefully cleaned by standard methods 16 . The material was sublimated from Al 2 O 3 crucible in a vacuum of 10 -8 mbar during the deposition. The rate of deposition was controlled at 0.5 °A/s /s using a quartz crystal microbalance. In addition the annealing of CoPc films was performed at 250 and 350°C for 3 h under argon atmosphere. Besides, the structural characterizations were performed at room temperature using X-ray diffraction (XRD) (Philips X'Pert system) with Cu Ka radiation of quasimonochromatic wavelength 0.15418 nm in the range of 2q between 5° and 60°. Then, the surface morphology was visualized with a Nanoscope IIIA atomic force microscope (AFM), which operates in the tapping mode in air at room temperature. A scanner, equipped with a Si cantilever was used to obtain surface morphology of CoPc films. In order to remove the background slope the images have been processed using the linear flattening method. The Gwyddion software was used for analyzing the AFM images.
Furthermore, the transmittance, T(l) and reflectance at an incident angle of 5°, R(l) spectra of CoPc thin films were performed at room temperature over the spectral range 200-1100 nm using Perkin-Elmer spectrophotometer (Lambda 25) with uncertainty around 1% given by the manufacturer for the measurements obtained by this spectrophotometer. It is worth pointing out, that a blank glass substrate identical to the ones used for the thin film deposition was used as a reference for the transmittance scan and for calibration purposes. The reflectance scan was taken at normal incidence with aluminum mirror as a reference.
rESulTS ANd dISCuSSIONS
Structural and morphological studies Fig. 1 shows X-ray diffraction patterns for CoPc thin films deposited on silicon substrates prepared with different thermal treatments. The deposited film on the substrate at temperature of 132 0 C have an XRD spectra characteristic for the a-CoPc phase unit cells. Whereas, the a-axis perpendicular to the substrate surface, b and c parameters lie in the substrate plane, with 2q values of 6.9 0 and 13.8 0 due to diffraction from the (200) and (400) planes, respectively. These peaks arise from the interlayer spacing of tilted molecules stack. It is clearly to notice that the intense peak 2q values occurs at 6.9 0 for the sample prepared at substrate temperature of 132 0 C during deposition, this is a good indication that the deposition conditions have a significant impact on the achieved angle for CoPc molecules, as the energy of these molecules on the surface depends mainly on this parameter. Moreover, annealing films into 250 and 350 0 C will have a phase transition from a to b phase crystallites. Accordingly, the peak shifts into a position around 7.09 0 and 14.2 0 due to diffraction from (001) and (400) planes, respectively [17] [18] [19] [20] . Furthermore, it is important to note that the peaks, which originated at 14.2 0 for the annealed sample at 250 0 C, is more intense compared to the annealed sample at 350 0 C. This could be attributed to the fact that the a structure is formed when CoPc molecules are grown at these temperatures. Furthermore, the mean crystallite size (L) as a function of the film thickness can be estimated from the half width value of the X-ray diffraction peak, using Scherrer's equation 21 
:
... (1) where l is the X-ray wavelength, h is the line broadening at the half maximum intensity in radians, q is the corresponding Bragg angle, and K s is the Scherrer's constant 0.95
22
. The values of mean Table 1 .These values are in a good agreement with previously reported results for several phthalocyanine thin films 23 .
In order to correlate the morphology of CoPc thin film with the crystal structure changes upon thermal treatment AFM was used for the samples before and after annealing. AFM images used to confirm the strong dependence of film morphology on temperature. Whereas, the film deposited at room temperature has planer terraces with pointed heads more oriented perpendicular to the film plane, refer to Fig. (2a) . In addition, an elongation of grains was observed in the form of well interconnected areas in a vermicular-like surface topography as shown in Fig.(2b) . This could be attributed to the high diffusive mobility of CoPc molecules at substrate temperature of 132 0 C. Furthermore, the distances between the vermicular hill tops of these distinct areas were found to be similar over the whole image. This is a good indication that not only the arrangement of aCoPc molecules is the same but also the a-phase crystallites is the same as well, refer to Fig.2 (a) . These areas were transformed upon annealing at 250 0 C and 350 0 C into a lamellar like arrays more oriented parallel to the planes of the films (Fig. 2(c,  d) ). Besides, as the temperature increase, it is clearly to notice the decrease in the film roughness as well as the growth of the grain sizes refer to Fig. 2 . While the diameter of drains was found to be around 11-27 nm, the relative roughness was decreased upon annealing from 7.2 to 7.04. This decrease of lateral grain size is directly related to the formation of smaller crystallites at higher temperatures. Whereas, the main parameters (the amount, size, and even orientation) of these arrays indicate that, the á into â transition has been proceeded. Therefore, XRD and AFM measurements give an ability to evaluate CoPc thin films microstructure [24] [25] [26] .
Optical properties
The optical absorption coefficient (a) of CoPc thin films as a function of incident wavelength over the range 400-800 nm were represented in Fig. 3 . Whereas, CoPc thin films present relatively high optical absorption coefficient at wavelength range about (2.3-2.7) x 10 5 cm -1 . This result is in a good agreement with several published results [23, 27] . Besides, both the deposited film and the one prepared under the substrate temperature (132 0 C) show no effect of the substrate temperature on the absorption coefficient values. This is a good confirmation that the spectra of these two samples are characteristic for the same aCoPc phase. Moreover, the Q-band existed for the same wavelength range, is consisting of two distinct peaks. While the lower wavelength peak at 613 nm is related to Q y band as a result of a 1u (p) →e g (p * ) transition, the higher wavelength at 687 nm has been attributed either to the Q x as a result of exitonic transition or to the vibrational interval [28] [29] [30] [31] . Furthermore, as in Fig.  (3) , not only the shape of Q-band in the absorption coefficient spectra provides good evidence for Besides, the Davydov's splitting of the Q-band was observed to decrease from 74 into 70 nm, in which the splitting is proportional to the inverse cube of the molecular separation 16 . This splitting is a good indication for that a slight increase in the molecular separation occurred for the samples submitted to post growing annealing at 250 and 350 0 C for 3h. Additionally, one can clearly see a slight increase in the relative intensity for higher wavelength peaks of Q-band. This finding is consistent with previously several reported results 14, 32 .
Further analysis regarding the optical properties has been conducted by performing a fit to the exponential part of the spectra. This fit will be a good guide in calculating the optical band gap of CoPc thin films using the Tauc's equation for allowed direct transition:
... (2) where A is a constant, and E og is the optical band gap of semiconductor. The band gap was determined by plotting (ahí) 2 as a function of photon energy (hv) (Fig. 5) , then the straight line was extrapolated. While the straight line region resemble the energy axis, the intercept at (ahí) 2 =0 implies the band gap, refer to Table 2 for more details
The band gap is determined by plotting (ahí) 2 as a function of photon energy (hv) (Fig. 5 ) and extrapolating the straight line region to the energy axis, and the intercept at (ahí) 2 =0 implies the band gap. Table 2 shows the band gap and thicknesses for samples of this work.
CONCluSIONS
In this work, the impact of annealing were investigated. It has been found that annealing has a significant effect on structural, morphological, and optical properties of CoPc thin films deposited 
